Age-related diastolic dysfunction has been attributed to an increased passive stiffness, which is regulated by extracellular matrix (ECM). We recently showed that matrix metalloproteinase (MMP)-9, an ECM mediator, increases in the left ventricle (LV) with age. The aim of this study, accordingly, was to determine the role of MMP-9 in cardiac ageing.
Introduction
Ageing increases the prevalence of cardiovascular disease and is a major risk factor for cardiac morbidity and mortality. 1, 2 Even in the absence of concomitant cardiovascular disease, ageing results in declined diastolic function, whereas systolic function is relatively preserved. 3 Diastolic function is regulated by the combined active relaxation properties of the myocyte and the passive stiffness properties of the myocardium. Extracellular matrix (ECM) provides structural support to the heart, and ECM quantity and quality are the major determinants of myocardial passive stiffness. Matrix metalloproteinases (MMPs) are a key family of zinc-dependent enzymes that degrade ECM and regulate ECM turnover. MMPs, therefore, play an important role in regulating diastolic function. Martos et al. 4 demonstrated increased collagen turnover in 32 patients with diastolic heart failure, compared with 54 control patients, and the increase in collagen turnover was concomitant with increased MMP-9 levels in the plasma of these patients. MMP-9 processes both ECM substrates, including denatured collagens, fibronectin and laminin, as well as non-ECM substrates, including interleukin (IL)-1b, IL-6, and latent transforming growth † Present address. Department of Pathology, University of Washington, Seattle, WA, USA.
factor-beta (TGF-b). 5 -7 By acting on a wide range of substrates, MMP-9 regulates the pathogenesis of many diseases, including cardiac remodelling. 6 Ducharme et al. 8 showed that MMP-9 null mice have attenuated dilation of the left ventricle (LV) and reduced collagen accumulation after myocardial infarction, despite compensatory increases in other MMPs. However, whether MMP-9 deletion regulates collagen accumulation in diastolic heart failure or cardiac ageing models is unclear.
Our group has recently showed that MMP-9 levels increase in the LV and plasma of ageing mice. 9 Although we know that LV MMP-9 levels increase and diastolic function decreases with age, the link between MMP-9 and diastolic function in the normal ageing process has not been established. We hypothesized that MMP-9 deletion will reduce collagen accumulation and attenuate diastolic dysfunction with ageing. Cardiac ageing phenotypes in four age groups of wild-type (WT) and MMP-9 null mice were compared in this study to address our hypothesis.
Methods

Animals
All animal procedures were conducted in accordance with the Guide for the Care and Use of Laboratory Animals (National Research Council, National Academy Press, Washington, DC, 1996) and were approved by the Institutional Animal Care and Use Committee at the University of Texas Health Science Center at San Antonio.
Mice
C57BL/6J wild-type (WT) young (6 -9 months), middle-aged (MA; 12 -15 months), old (18 -24 months) , and senescent (26 -34 months) male and female mice were used (n ≥ 12/group). MMP-9 null male and female mice of the four corresponding ages were used (n ≥ 12/group) to determine the effect of MMP-9 on cardiac ageing. MMP-9 null mice were a gift from Dr Zena Werb through Dr Lynn Matrisian, whose laboratory backcrossed the mice onto the C57/BL6J strain.
10,11
Blood pressure
Systolic and diastolic blood pressures in mice were measured with the MC4000 Blood Pressure Analysis System (Hatteras Instruments). Each mouse was trained and acclimated to the machine, and training sessions were repeated until the standard deviations of both systolic and diastolic blood pressures were ,10 mmHg and at least 6 of the 10 measurement cycles were recorded. Blood pressure was measured by the tail-cuff system, with five preliminary cycles measured, followed by 10 measurement cycles. The average systolic and diastolic pressures of the measurement cycles were determined.
Doppler echocardiography
To measure the transmitral inflow (the blood flow from the left atrium into the LV via the mitral valve) and aortic outflow, Doppler echocardiography was performed using the Doppler Signal Processing Workstation (Indus Instruments). The mice were anaesthetized with isoflurane (0.5-2% in a 100% oxygen mix), and the four limbs were taped to the electrode plates on a board for monitoring electrocardiograms and heart rates. Here, and elsewhere anaesthesia was used, the depth of anaesthesia was monitored through two methods. A periodic tail pinch was used to assess the pain response of the mouse and confirm a sufficient depth of anaesthesia. Also, while under anaesthesia, the heart rate, respiratory rate, and temperature were monitored to ensure the mouse was not too deeply anaesthetized to alter physiological variables. These methods were recommended by the Guide for the Care and Use of Laboratory Animals. The transmitral inflow and the aortic outflow were recorded.
The E/A ratio, which is an indicator of LV diastolic function, was calculated from the early (E) filling velocity and the atrial (A) filling velocity.
Two-dimensional echocardiography
Echocardiograms were acquired with a Vevo 770 TM High-Resolution In Vivo Imaging System (Visual Sonics). Isoflurane (0.5 -2% in a 100% oxygen mix) was used to anaesthetize the mouse, which was stationed on an isothermal pad. Electrocardiograms and heart rates were continuously monitored throughout the procedure, and heart rates were maintained at ≥400 b.p.m. for baseline imaging. From a transthoracic approach, two-dimensional-targeted M-mode echocardiographic recordings were obtained.
For a subset of mice, after acquiring baseline values, temporary cardiac stress was induced by administering dobutamine, a b-adrenergic receptor agonist that increases the heart rate by stimulating myocyte contractility. Dobutamine was given at a dose of 3 mg/g body weight (BW) by ip injection. 12 Echocardiograms were recorded at 30 min after injection, to determine the magnitude of response.
Tissue collection and characterization
At least 24 h after dobutamine echocardiography, to allow ample time for the dobutamine to fully wash out, the mice were sacrificed and the LV was harvested. Mice were sacrificed under isoflurane anaesthesia (2-5% in a 100% oxygen mix). At sacrifice, heparin (100 mL of 1000 USP Units/mL) was injected ip, and 5 min after heparin injection, blood was collected from the carotid artery of the mouse. The heart was flushed with cardioplegic solution and removed. The LV was separated from the right ventricle, each ventricle was weighed separately, and the LV was sectioned into three slices: base, mid, and apex. The base was snap frozen and used for RNA extraction; the mid was fixed in zinc formalin and used for histology; and the apex was snap frozen and used for protein extraction. The largest lobe of the lung was weighed before and after drying overnight at 508C to determine the percentage of the water content in the lung. The BW and the tibia length were also recorded, and the LV/ tibia ratio was calculated.
Picrosirius red staining
Paraffin-embedded mid-LV sections were deparaffinized with Citric-Solv (Fisherbrand) and rehydrated in distilled water. The sections were incubated in 0.2% of phosphomolybdic acid (Electron Microscopy Sciences) for 2 min to eliminate cytoplasmic staining. After rinsing with distilled water, the sections were stained with 0.1% Siris Red in saturated picric acid (Electron Microscopy Sciences) for 90 min. The stained sections were washed in 0.01 N hydrochloric acid (Electron Microscopy Sciences) for 2 min, rinsed in 70% ethanol for 45 s, dehydrated and mounted. For each LV section, five ×40 magnification images were captured. The percentage of the collagen area was measured by Image-Pro Plus version 6.2.
LV RNA extraction and real-time qPCR analysis
Total RNA was isolated from the LV base using the TRIzol reagent plus Total RNA purification kit (Invitrogen), and cDNA was synthesized using the SABiosciences RT 2 first strand kit (C-03 9 Protein samples (10 mg total protein) were resolved on a 4 -12% Criterion Bis-Tris gel (Bio-Rad) in XT MES buffer (Bio-Rad) and transferred to a nitrocellulose membrane (Bio-Rad). A 1:5000 dilution of MMP-9 antibody (Abcam ab38898), 1:1000 dilution of MMP-8 antibody (Epitomics), 1:1000 for neutrophil antibody (Cedarlane), 1:1000 of TGF-bi antibody (Abcam), and 1:1000 for Smad2 antibody (Cell Signaling), and 1:500 for p-Smad2 antibody (Abcam) was used for primary antibody detection. A 1:5000 dilution of anti-rabbit IgG (Vector PI-1000) was used for secondary antibody detection. The membrane was incubated in SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific) for 3 min and exposed to BioMAX MR film (Kodak). The film was scanned on a Kodak Image Station and densitometry of each lane was quantified by Molecular Imaging Software (Carestream). To confirm equal loading, the nitrocellulose membrane was stained with the MemCode TM Reversible Protein Stain (Thermo Scientific) for total protein, and densitometries across the groups were compared (P ¼ not significant for most groups).
For groups that had a P , 0.1, densitometries were normalized using the total protein values.
Statistical analysis
Data were expressed as mean + SEM. For necropsy, echocardiographic, collagen area fraction, real-time qPCR, and MMP-9 immunoblotting data, the one-way ANOVA test was used to compare values among all groups, and the Student Newman-Keuls test was used for pairwise comparisons. For MMP-8 immunoblotting, the unpaired Student's t-test was used for the two group comparison. A value of P , 0.05 was considered statistically significant. GraphPad Prism 5 was used for the statistical analyses.
Results
MMP-9 expression increased in old and senescent WT mice
Our group recently demonstrated higher MMP-9 levels in the LV of senescent C57BL/6J mice compared with young counterparts. 9 To determine the time-course of MMP-9 expression with ageing, we compared MMP-9 mRNA and protein levels in the four age groups of WT mice. By real-time qPCR, old and senescent mice exhibited increased MMP-9 mRNA levels compared with young and MA controls ( Figure 1A ). For protein expression, immunoblotting revealed increased MMP-9 protein levels in the LV of senescent mice compared with the other three groups ( Figure 1B and C ). Of note, we did not see the same increase in MMP-9 protein in old mice that we saw in the senescent mice. This variability in mRNA and protein levels suggests that there might be more MMP-9 protein turnover in the old age group mice compared with the senescent group. MMP-9 levels were similar between male and female mice in all age groups (P ¼ 0.52, 0.79, 0.89, and 0.71 for young, MA, old, and senescent, respectively).
3.2 Ageing WT and MMP-9 null mice did not show heart failure phenotypes WT and MMP-9 null mice of all four age groups had similar LV mass and LV/tibia ratios ( Table 1) . Senescent WT and MMP-9 null mice had higher LV/BW ratios compared with corresponding young, MA, and old controls, and senescent MMP-9 null mice had higher LV/BW ratios than senescent WT mice (all P , 0.05). However, these changes in LV/BW were attributed to the reduced BW seen in the older groups, rather than an increase in the LV mass. In addition, all eight groups of mice exhibited similar RV mass ( Table 1) . These results indicated that there was no difference in LV and RV hypertrophy in these mice. Percentages of the water content in the lung were also similar among all eight groups ( Table 1 ), indicating that there was no overt heart failure phenotype in these mice.
Ageing and MMP-9 deletion did not affect blood pressure
WT and MMP-9 null mice of all four age groups had similar systolic and diastolic blood pressures ( Table 2) . No gender-associated difference was observed in systolic and diastolic pressures in any age group (all P ¼ not significant, n ≥ 5 for each gender). The systolic and diastolic pressures of all eight groups were much lower than the corresponding hypertensive levels seen with angiotensin II infusion, where systolic blood pressure was reported to be over 160 mmHg and diastolic blood pressure was reported to be over 110 mmHg. 13, 14 This result indicates that both WT and MMP-9 null mice did not develop hypertension with age.
Systolic function was preserved in ageing mice and was not altered by MMP-9 deletion
Unlike diastolic function, systolic function is relatively preserved with ageing in humans. 3 From two-dimensional echocardiography, fractional shortening (FS) and end-diastolic dimension were similar among all age groups of WT and MMP-9 null mice ( Table 3) . MA WT and MMP-9 null mice showed increased posterior wall thickness compared with their corresponding young controls (both P , 0.05; Table 3 ). At 30 min after dobutamine injection, senescent WT mice showed reduced FS compared with old WT mice (P , 0.05; Figure 2A ), indicating reduced cardiac reserve in senescent WT mice. Systolic function was further evaluated by aortic Doppler echocardiography, and similar aortic peak velocities were detected among all age groups of WT and MMP-9 null mice ( Figure 2B ).
MMP-9 deletion attenuated decline in diastolic function with ageing
Ageing is associated with diastolic functional decline in both humans and mice. 15 -18 To evaluate the effect of MMP-9 deletion on diastolic properties of the LV, transmitral Doppler echocardiography was performed. The mitral ratios of early to late diastolic filling velocities (E/A ratios) were reduced in old and senescent WT mice, compared with young WT mice (both P , 0.05). Senescent WT mice also showed reduced E/A ratios, compared with MA and old WT mice (both P , 0.05). Strikingly, MMP-9 null mice of all age groups showed similar E/A ratios, and old and senescent MMP-9 null mice had higher E/A ratios than their age-matched WT controls (both P , 0.05; Figure 2C ). No gender-associated difference in the E/A ratio was observed (all P ¼ not significant, n ≥ 6 for each gender). MMP-9 attenuates cardiac ageing 3.6 Senescent MMP-9 null mice showed reduced collagen deposition in the LV
To evaluate if changes in diastolic function by ageing and MMP-9 were due to changes in collagen deposition, picrosirius red staining was performed to evaluate the collagen content in the LV of young and senescent WT and MMP-9 null mice. The two age groups, young and senescent, were studied because they displayed the most prominent difference in diastolic function. Picrosirius red staining revealed increased collagen deposition in the LV of senescent WT and MMP-9 null mice, compared with their corresponding young controls. Surprisingly, the collagen content in the LV of senescent MMP-9 null mice was significantly lower compared with senescent WT control (n ¼ 5 or 6/group; Figure 3A and B).
3.7 MMP-9 deletion attenuated the age-related increase in periostin and CTGF expression
To dissect the underlying mechanism of how MMP-9 deletion regulates the LV collagen content and diastolic function, the age-related changes in expression levels of 84 ECM and adhesion molecules in WT and MMP-9 null LV were evaluated by the RT 2 qPCR array (see the Supplementary material online, Table S1 for the complete data set). Despite the increased total collagen deposition seen in the LV with ageing, mRNA levels of type I and type III collagen did not increase in senescent WT and MMP-9 null mice, compared with their corresponding young controls ( Figure 4A and B) . By realtime qPCR, periostin mRNA levels increased 85% in senescent WT (n ¼ 5) compared with young WT (n ¼ 6; P , 0.05), and senescent MMP-9 null LV had a 48% reduction in periostin mRNA expression compared with senescent WT LV (P , 0.05; Figure 4C ). Connective tissue growth factor (CTGF) mRNA levels increased 57% in senescent WT (n ¼ 5) compared with young WT (n ¼ 6; P , 0.05). Senescent MMP-9 null LV expressed 26% lower levels of CTGF than senescent WT LV (P , 0.05; Figure 4D ). This indicates that the increased collagen with ageing observed by picrosirius red is more likely due to translational or post-translational regulation, rather than increased transcription.
3.8 MMP-9 deletion attenuated the age-related increase in TGF-b-induced protein transcription and protein levels MMP-9 deletion attenuated the age-associated increases in periostin and CTGF expression. Periostin and CTGF expression are both TGF-b-inducible, and MMP-9 can cleave and activate latent TGF-b. 19 -22 By real-time qPCR, mRNA levels of transforming growth factor b (TGF-b)-induced protein (tgfbi) increased with senescence in WT mice, and the increase was attenuated in MMP-9 null mice ( Figure 5A ). Similar results were seen for protein levels of tgfbi. Levels were increased in senescent WT mice compared with all younger WT groups, while this increase was attenuated in the senescent null mice ( Figure 5B) . 
MMP-9 deletion attenuated Smad2 phosphorylation
The ratio of phosphorylated Smad2 to Smad2 was increased in the senescent WT group, compared with each of the three younger age groups, and this increase was attenuated in the senescent null group (P , 0.05 for all; Figure 5C ).
MMP-9 deletion resulted in a compensatory increase in MMP-8 expression
MMP-9 deletion has previously been shown to lead to a compensatory increase in MMP-2 and MMP-13 post-myocardial infarction. 8 By real-time qPCR, there was no change in MMP-2 levels in any of the groups, but there was a compensatory increase in MMP-13 mRNA levels in young MMP-9 null mice (2.8-fold increase compared with young WT mice). Despite having similar levels in the young mice, MMP-8 mRNA levels were significantly higher in the LV of senescent MMP-9 null mice compared with that of age-matched WT mice ( Figure 6A ). Additionally, MMP-8 immunoblotting revealed a similar increase in MMP-8 protein levels in senescent MMP-9 LV compared with WT controls ( Figure 6B and C ) . To explore the possibility that increased neutrophil infiltration explained the MMP-8 increase, we evaluated levels of the neutrophil marker Ly-6G by immunoblotting. Although there were no statistical differences among the age groups or genotypes, there was a small but positive linear correlation between age and neutrophil infiltration in the null mice (R ¼ 0.13, P ¼ 0.01). Neutrophils, therefore, in addition to macrophages, are likely a source of the increase in MMP-8 in the MMP-9 null mice. 
MMP-9 attenuates cardiac ageing
The increase in MMP-8 would increase collagen degradation rates and contribute to reduced LV collagen deposition.
Discussion
Cardiac ageing is associated with a decline in diastolic function. 15 -18 LV ECM composition regulates LV passive stiffness, one of the major determinants of diastolic function. Further, MMP-9 levels increase in the plasma and LV of ageing mice. 9 The goal of this study, accordingly, was to delineate the role of MMP-9 in mediating cardiac ageing responses. The major findings of this study were (i) MMP-9 deletion prevented the age-related decline in LV diastolic function; (ii) the age-related increases in collagen accumulation and expression of pro-fibrotic genes, periostin, and CTGF were attenuated by MMP-9 deletion; and (iii) there was a compensatory increase in MMP-8 levels in the LV of senescent MMP-9 null mice. Together, our results indicate that MMP-9 regulates the cardiac phenotypic changes seen with normal ageing by altering collagen homoeostasis. A proposed mechanistic model of these changes is summarized in Figure 7 .
Diastolic filling consists of two phases, the early diastolic filling (E) phase, which is attributed to relaxation of the LV, and the late diastolic filling (A) phase, which is attributed to the contraction of the atrium. Previous studies in humans and mice have shown that E/A ratios decrease with age, indicating impaired relaxation of the ageing LV. 15 -17 We also observed a decrease in E/A ratios in old and senescent WT mice, but this decrease was attenuated in MMP-9 null mice. MMP-9 null mice did not exhibit reduced E/A ratios even at senescence. Additionally, old and senescent MMP-9 null mice exhibited higher E/A ratios than age-matched WT mice. These results indicate that MMP-9 deletion can slow the age-related progressive decline in diastolic function.
Systolic function is usually relatively preserved in human ageing, despite an age-related decline in diastolic function. 3 In this study, we also saw preserved FS in the ageing mice. During dobutamine stress, a slight but significant reduction in FS was observed in senescent WT mice, compared with old WT mice. This small reduction in FS suggests a reduced ability of the heart to handle stress, which can lead to reduced exercise tolerance or impaired response to a cardiovascular disease such as myocardial infarction. Future studies comparing post-MI remodelling response in ageing WT and MMP-9 null mice will provide more insights in this area. Increased myocardial fibrosis increases myocardial stiffness and is associated with diastolic dysfunction in hypertensive disease. 23, 24 Increased plasma MMP-9 levels and increased turnover of collagen have been shown to be associated with diastolic heart failure in hypertensive patients. 4 MMP-9 regulates collagen degradation and MMP-9 deletion results in reduced, not increased, collagen accumulation in LV post-myocardial infarction. 8 To investigate whether MMP-9 deletion attenuates the age-related decline in diastolic function by reducing LV collagen deposition, we compared the collagen content in the LV of WT and MMP-9 null mice. We studied young and senescent mice, the two age groups with the most prominent difference in diastolic function. As expected, the senescent WT LV showed increased interstitial collagen deposition compared with young WT LV, consistent with an impaired diastolic function. Interestingly, the LV of senescent MMP-9 null mice had reduced interstitial collagen compared with senescent WT mice, which agreed with the improved diastolic function. MMP-9 deletion reduced LV collagen deposition following myocardial infarction and during cardiac ageing. 8 However, the mechanism underlying this observation is unclear. We used a qPCR array to MMP-9 attenuates cardiac ageing profile the mRNA expression levels of 84 ECM and adhesion molecules genes. The mRNA levels of type I and type III collagen did not increase with age and were not different between senescent WT and MMP-9 null mice, suggesting that the changes in LV collagen deposition observed were not due to the changes in transcription of collagen genes. This agrees with a previous study from Besse et al.
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showing differential changes in myocardial collagen mRNA and protein levels with ageing. Periostin mRNA expression increased with age in WT mice and was reduced in senescent MMP-9 null mice, compared with senescent WT mice. Periostin is a matricellular protein that increases in pathophysiological conditions, such as myocardial infarction and heart failure. 26, 27 Periostin regulates collagen fibrillogenesis and is associated with increased collagen deposition. 27, 28 Periostin null mice show reduced collagen diameter, 26 whereas periostin overexpression results in an increased LV collagen content and LV dilation. 27 The reduced levels of periostin, therefore, may partially contribute to the attenuation of diastolic functional decline in senescent MMP-9 null mice by a direct effect on collagen deposition. CTGF expression increases with ageing and in age-associated heart failure. 29 In a mouse model, cardiomyocyte-specific CTGF overexpression results in age-dependent cardiac dysfunction as early as 7 months of age. 30, 31 We also observed an increase in CTGF expression in WT senescent mice, but this increase was attenuated in MMP-9 null mice. These changes in CTGF expression may, in part, contribute to the changes in collagen deposition and diastolic function observed by stimulating cardiac fibroblast function. In vitro studies have demonstrated that transforming growth factor b 1 (TGF-b 1 ) can induce periostin mRNA expression in periodontal ligament fibroblasts, and a TGF-b 1 -blocking antibody can blunt angiotensin-II-induced periostin expression. 21, 22 At the same time, CTGF expression is induced two to three-fold in human cardiac fibroblasts and 1.8-fold in rat cardiac myocytes by 10 ng/mL of TGF-b 1 . 19 Because MMP-9 can process and activate latent TGF-b 1 , 20 the reduced periostin and CTGF expression observed in the senescent MMP-9 null mice is potentially due to a decrease in TGF-b 1 signalling. We have shown in this study that both mRNA and protein levels of transforming growth factor-beta-induced protein increased in senescent WT, but not MMP-9 null, mice, which supports this hypothesis. We also observed that the increased Smad2 phosphorylation in senescent WT was attenuated in senescent MMP-9 null mice. The phosphorylation of Smad2 to phospho-Smad2 is mediated by TGF-b 1 32 . The decrease of phosphorylated Smad2 in the absence of MMP-9 further supports a role for MMP-9 in activating latent TGF-b 1. These results indicate that reduced TGF-b signalling blunts the increase in periostin and CTGF levels in senescent MMP-9 null mice. In MMP-9 null mice, collagen deposition is reduced following myocardial infarction compared with WT mice, and this decrease is accompanied by increased levels of MMP-2 and MMP-13. 8 Increased MMP activity would stimulate collagen degradation and explain the reduced collagen deposition. We likewise demonstrated a compensatory increase in MMP-8 levels in the LV of senescent MMP-9 null mice, concomitant with reduced collagen deposition. MMP-8 preferentially degrades type I collagen over type III collagen, which may explain why MMP-8 is overexpressed with ageing, whereas MMPs 2 and 13 are overexpressed following myocardial infarction. 33, 34 Although the MMP-9 attenuates cardiac ageing scheme shown in Figure 7 is likely to be an oversimplification, it highlights a role of MMP-9 in cardiac ageing.
No sex-associated differences were observed in MMP-9 expression levels, LV collagen content, and E/A ratios. This suggests that MMP-9 regulates LV collagen deposition and diastolic function by sexindependent mechanisms. The MMP-9 null mice utilized in this study are whole body gene-deleted mice. As cardiomyocytes are not a primary source of MMP-9, cardiomyocyte-specific null mice would not be a relevant cardiac-specific model for MMP-9 deletion. Macrophage-specific MMP-9 overexpressing mice have only recently become available, and their cardiac ageing responses have not yet been studied. 35 Whether macrophage-specific MMP-9 overexpression will accelerate or exacerbate cardiac ageing remains to be determined. When available, it would also be helpful to study cardiac ageing in fibroblast-specific MMP-9 null or transgenic mice, as cardiac fibroblasts also express MMP-9. One limitation of this study is that we used mice over 6 months of age for this study as our focus is the ageing response in mature adult mice; however, it is possible that ECM changes that present before this youngest age group could affect the ageing response in later stages of life.
In conclusion, we showed that MMP-9 deletion attenuates the age-related increase in collagen deposition and a decline in diastolic function of the LV. The suppression of the age-related increases in TGF-b signalling-induced periostin and CTGF and the compensatory increase in MMP-8 levels in the LV of MMP-9 null mice likely contribute to the improved cardiac function.
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